In the present work characteristics and performance of a natural vacuum desalination system using low grade heat source is studied numerically and experimentally. In the numerical work, a program to solve the governing equations in forward time step marching technique is developed. In the experimental work a lab scale natural vacuum system using electric heater as a heat source is designed and tested. The surface area of seawater in the evaporator is 0.5 m. The numerical and experimental results show a good agreement. By using numerical simulations effect operating conditions such as heat source temperature, condenser temperature, heating coil surface area, and the present of heat recovery unit are explored. The simulation showed that, the present system with evaporator surface area of 0.2 m 2 , operation time of 9 h and source temperature of 80°C will produce 6.63 L of fresh water ant thermal efficiency is 70.4%. The main conclusion can be drawn here is that the performance of the natural vacuum desalination system is mainly affected by maximum temperature in evaporator and minimum temperature in condenser. On the other hand, the surface area of heating coil and the heat recovery unit showed only a small effect.
source then transfer the energy to the droplets already flashed, so as to maintain or even increase the superheat degree of droplets during the evaporation process. Some conclusions of the study are the heat source temperature is determinant of fresh water yield. The higher heat source temperature is the more heat that droplets can obtain and the faster evaporation process will be. And the cooling water temperature is an important factor of fresh water yield. Dow et al. [9] report an experimental study on a pilot plant of direct contact membrane distillation (DCMD) driven by low grade waste heat: membrane fouling and energy assessment. The pilot plant was located at a gas fired power station which provided the heat source (lower than 40°C) and waste water to the DCMD system with 0.67 m 2 of membrane area. Based on the available energy for a continuously operating 500 MW (electric) rated power station, the treatment potential was estimated at up to 8000 kL/day. Christ et al. [10] report a study on the comparison of a boosted multi-effect distillation (MED) for sensible low-grade heat source with feed pre-heating multi-effect distillation. The results show that for most operational conditions germane to sensible waste heat source and renewable energies, the boosted MED system offers both thermodynamic and economic superior performance, especially when low heating media temperatures prevail. Gude [11] discusses current energy storage options for different desalination technologies using various renewable energy and waste heat source with focus on thermal energy storage system. Bundschuh et al. [12] identify different types and low-cost low-enthalpy (50-150°C) geothermal heat sources and evaluate their potentials and their suitability for water desalination and treatment using conventional technologies for different scales and situation. The results suggest that geothermal option is superior to the solar option if low-cost geothermal option is available because it provides a constant heat source in contrast to solar. Ciocolanti et al. [13] performed an experimental study on the performance behavior of small scale single effect thermal desalination plant. The prototype consists of a 1 kWe Stirling engine coupled with a single effect thermal desalination plant for the simultaneous production of electricity and > 150 L/day of fresh water.
One of the promising solar desalination is natural vacuum desalination system. In the system seawater is placed in a container which is vacuumed naturally by using the gravity of the water. The advantage of using the vacuum is that a low grade heat source such as solar energy can be used efficiently. Several researches of natural vacuum desalination have been reported in literature. AlKharabsheh and Goswani [14, 15] reported the research on preliminary experimental and theoretical analysis of a natural vacuum water desalination system using low-grade solar heat. The effects of several various operating conditions were studied. Simulation for Gainesville, Florida, the daily output from a system of 1 m 2 of evaporator area with 1 m 2 of solar collector area could reach 6.5 kg fresh water. In order to increase the performance of the natural vacuum desalination system several modifications have been proposed. Gude et al. [16] reported a study on vacuum desalination system and it was coupled with solar collector of 18 m 2 and thermal energy storage with a volume of 3 m
3
. The system is capable of producing 100 L/day fresh water. Gude and Nirmalakandan [17] use the same solar desalination system and combined it with a solar-assisted air-conditioning system. The results showed that cooling capacity of 3.25 kW and distillate yield of 4.5 kg/hour can be obtained. Maroo and Goswani [18] proposed natural vacuum flash desalination system operation using in single stage mode and two stage mode. With a solar collector of 1 m 2 area, the proposed system produces nearly 5.54 kg and 8.66 kg of distillate while operating in single stage and two stage modes with a performance ratio of 0.748 and 1.35, respectively. Ayhan and Al-Madani [19] proposed a natural vacuum desalination that consists of evaporator column exposed to solar radiation and shaded condenser column. Here a blower is proposed to move the vapor from evaporator to condenser. Those reviewed studies showed that study on the desalination has come under scrutiny. Among those desalination technologies, the present paper focuses on the natural vacuum system. However, the performance of the natural vacuum solar needs to be increased. Thus several modifications are extremely needed. To propose a good modification the mechanism and characteristics of the natural vacuum desalination should be explored more. In this work numerical and experimental study on a lab scale natural vacuum desalination will be carried out. The main objective is to explore the operational characteristics of the natural vacuum desalination system. The numerical method will be used to perform a case study in order to explore the main parameter that affect the performance of the system. The results of the present study are expected to supply the necessary information in the developing high performance solar desalination system.
Problem formulation
The schematic diagram of the analyzed natural vacuum desalination system is shown in Fig. 1 . The system consists of heating unit, evaporation unit, and condensing unit. The heating unit is originally designed for solar collector system. However, to make an easy control of the heat input, in this study it is replaced by an electric heater. In can be seen from the figure, in order to get natural vacuum in the system the evaporator and condenser will be placed at a location 10.3 m above the water level of seawater tank. When the electric heater supplies an amount of heat into the evaporator, the seawater temperature will raise. It results in evaporation of water with a rate of V̇e [m 3 /s]. The vapor will be condensed in the condenser and becoming fresh water. Since the water content decreasing, salinity of seawater in the evaporator will increase. The increasing salinity of seawater will decrease the evaporation rate in the evaporator. To avoid this, brine water in the evaporator will be withdrawn with a rate of V̇w [m 3 /s]. Thus the new seawater will be injected to the evaporator with a volume rate of V̇i [m 3 /s]. As a note, the withdrawn brine water will be at a temperature equal to evaporator. It is necessary to recover the heat from it. The recovered heat will be used to heat the seawater injected to the evaporator. Here a heat exchanger will be installed. The type of the heat exchanger is annulus counter flow. The seawater will flow in the inner tube and the withdrawn brine water will be in the annular space.
Governing equations
In order to simulate the characteristics and performance of the system, the governing equations will be developed. The mass conservation in the evaporator will give:
where
] is volume and density of seawater in the evaporator, respectively. The subscripts of s, i, and e represent seawater, injected, and evaporation, respectively. Solute conservation in the evaporator gives the following equations:
where C [%] is the solute concentration. It is assumed that no stratification of the seawater temperature in the evaporator. Thus, conservation of energy in the seawater gives the following equation:
where, Qi n [Watt] and c p [J/kgK] is the heat transfer rate from heater and specific heat capacity, respectively. In the present study, the heater is made of cylindrical heater and it is immersed horizontally into the seawater. Heat transfer from the electric heater to the seawater is assumed to be free convection and give by:
where D h [m] , A sur , and T sur is diameter, surface area, and surface temperature of the heater. The Nusselt number on the heater surface is given by [20] : 
where Pr is Prandtl number. The Rayleigh number is calculated using equation:
The heat evaporation in the evaporator can be calculated using the following equation:
where h fg [J/kg] is latent heat evaporation of seawater.
In the present study, the evaporator material temperature is divided into bottom, side wall and top wall. The heat capacity of the evaporator material is taken into account. The energy conservation in the bottom plate of the evaporator gives:
where the subscript b and a refer to bottom of the evaporator and ambient air, respectively. While, the subscript i and o refer to inside and outside surfaces, respectively. And L is the characteristic length of the surface. The Nusselt number on the inside surface (Nu b i , ) and outside (Nu b o , ) of the bottom plate are calculated by the following equations, respectively [21, 22] :
Nu Ra = 0.15
Application of the energy conservation to the side wall of the evaporator gives the following equation:
where the subscriptd refers to side wall of the evaporator. The Nusselt number on outer surface of the wall (N d o , ) is given by [20] . The same equation will be used to calculate the Nusselt number on the inner surface of the wall (Nu d i , ), but with different fluid properties. Here, the seawater properties will be used. Application energy conservation to the top wall of the evaporator gives:
where the subscript t refers to top wall. As a note, fluid in the inside the top wall is water vapor (shown by subscript v) at a pressure close to vacuum. The properties of the vapor at low temperature will be used to calculate the Nusselt number on the inner surface of the top wall (Nu t i , ). Even though the top wall is a conical surface, here it is assumed to be horizontal wall. The Nusselt numbers on the inner and outer surfaces of top wall are calculated using the following equations, respectively.
Nu Ra = 0.27
The condenser used in this study is a horizontal tube with circular fins. It is assumed all of vapor at temperature of T s is condensed into fresh water at temperature T f which is equal to condenser inside temperature of the (T c i , ). The inside temperature of the condenser is strongly affected by ambient temperature. The following equations are used to calculate the temperature inside the condenser. Application of the energy conservation gives:
where the subscript c refers to condenser and r is the radius of the condenser. The modified latent heat of condensation h * fg [J/kg] is given by [23] :
The heat transfer rate from the surface of the condenser will be used to calculate outside surface temperature of the condenser.
where Qċ is heat transfer rate from the condenser. The subscript f , tip, and base refer to fin, tip surface, and base surface of the condenser.
In the heat exchanger, the feed seawater is heated before entering the evaporator. Temperature of the seawater entering the evaporator is given by:
where the subscript 0 and min refer to initial condition of the seawater and minimum value of heat capacity of the fluid stream. The effectiveness of the counter flow heat exchanger (ε) is calculated by:
, and C r is overall heat transfer coefficient, heat transfer surface area and ratio of maximum and minimum heat capacity of flow in the heat exchanger.
Evaporation rate
The evaporation rate between two chambers, one contains seawater and the other fresh water, which is connected via a vacuum channel, it can be calculated by equation proposed by Bemporad [24] . 
In this study, several calculations and experimental data are used to develop a suitable value of α m . The value of α = m 9 ×10 −9 is suitable for the present experiments and simulation. Thus this value will be used for all simulations.
Vapor pressure P [Pa] as a function of temperature is given by [14] : 
The correction factor of f C ( ) is calculated using the following equation:
Performance parameters
As a note the objective of natural vacuum desalination is to produce fresh water by using energy efficiently. Based on this objective, two parameters to show the performance of the system will be used. The first parameter is amount of fresh water produced which is calculated using the following equation.
where V̇t ot [m 3 ] and t end [s] is the total volume of the fresh water produced and time at the end of experiment/calculation. The second parameter is thermal efficiency which is defined as ratio of useful energy to energy input.
Solution method
The governing equation, in the differential equation form, will be solved by a forward time step marching technique. The governing equations, Eqs. (2), (3), (8), (11) and (13), will be converted into the following equations, respectively.
In the above equations, the superscript j refers to the present value and j + 1 is the value at the next tie step. Due to stability consideration the values of Δt must be relatively low. In all simulation, the value of Δt=1 s is used. This value shows stability. The transport properties of the fluid are treated as a function of temperature and for seawater it is a function of temperature and solute concentration. The equations suggested by Sharqawy et al. [25] are used to calculate transport properties of seawater. The density of sea water is calculated by equations proposed by Bromley [26] .
where, F = 0.5 Thermal conductivity of the sea water is calculated by equation proposed by Jamieson and Tudhope [27] . 
Dynamic viscosity is calculated using the correlation proposed by Isdale et al. [28] . 
Experimental apparatus
In order to perform a better analysis experiments are also carried out. An experimental apparatus consists of a lab scale natural vacuum desalination is designed and fabricated. Evaporator of the system is a hollow cylinder with conical cover on the top made of Stainless steel 304 with a thickness of 5.8 mm. The diameter and the height of the evaporator are 500 mm and 150 mm, respectively. The height of the conical top is 120 mm. In all experiments the depth of seawater in the evaporator is 80 mm. The condenser is a horizontal circular tube with circular fins and also made of Stainless steel 304 with a thickness of 2.54 mm. The inside diameter and the length of the condenser is 100 mm and 500 mm, respectively. The number of fin is 10 fins with a diameter and thickness of 254 mm and 0.6 mm, respectively. The distance between fins is 40 mm. The condenser and evaporator are connected by using a flange with a diameter and thickness of 128 mm and 15 mm, respectively. The evaporator and condenser are placed at a location 10.33 m above the ground. The containers for seawater, withdrawn brine water, and fresh water are placed on the ground. As a note the experiments are carried out on the top of a building in Medan city with an elevation of 20 m above the sea level.
In order to simulate the heat input to the system an electric heater with cylindrical surface is used. The diameter and total length of the heater is 10 mm and 3000 mm, respectively. The heater is formed into 6 passes and placed horizontally inside the evaporator chamber. The heat rate from the heater is fixed at 1500 W during experiments. Heat exchanger is employed to perform heat recovery from the withdrawn brine water to seawater before injected to the evaporator. The heat exchanger is an annular pipe with outside and inside diameter of 24.4 mm and 12.7 mm, respectively. The seawater flows in the smaller pipe and the drawn brine water flows in the annulus. Both pipes are made of Stainless steel 304 with a thickness of 3 mm.
Data acquisition system is also installed to the experimental apparatus. Temperatures are measured by using J-type thermocouples with uncertainly equal to 0.1°C. The number of thermocouple is 20, which are four thermocouples placed in the evaporator, four in the condenser, four in the heat exchanger and the rests in pipe and water containers. Agilent 34972, multi channel data logger is used to record temperatures with interval of 1 min. Solar radiation is measured using HOBO pyranometer smart sensor. The ambient temperature and relative humidity (RH) is measured using HOBO temperature RH smart sensor with an accuracy of 0.2°C and ± 2.5% RH, respectively. The wind speed around the experimental apparatus is measured with HOBO wind speed smart sensor with accuracy ± 1.1 m/s. The schematic diagram, data acquisition system, and photograph of the experimental apparatus are shown in Fig. 2 .
To start up the system, it will be filled completely with water initially, and the water will then be allowed to fall under the influence of gravity, in order to establish the vacuum. The extraction rate of the brine water from the evaporator is controlled at a rate of 0.36 l per hour by using a valve.
Results and discussions
By using the program developed and experimental apparatus simulations and experiments are carried out. Three days of experiments are carried out. Every experiment performed for 8 h, it starts at 9.00 and finishes at 17.00 of local time. In the experiments the electric heater is used to keep temperature in the evaporator at 50°C. Here, the main objective of the experiments is to validate numerical simulations. The experimental data and numerical simulations are compared.
Numerical validations
Temperature history of the seawater inside the evaporator and the ambient temperature are shown in Fig. 3 . The figure shows that the ambient temperature starts from a minimum temperature and it increases gradually as time increases until at 14.30. After this, the ambient temperature decreases as time decreases. The minimum, maximum and the average ambient temperature is 25.96°C, 31.49°C, and 29.07°C, respectively. In the beginning of the experiment, temperature of the seawater is 26°C. It increases 
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significantly as time increases and reaches the maximum value of 50°C at 9.45. Since the electric heater is set at 50°C, the heater will be off and the heat input to the evaporator will be zero. During the absence of heat input, the temperature of the seawater will be decrease gradually. This is due to heat loss to the ambient and the heat for evaporation. After the temperature down to about 45°C, the electric hater will be on again and the temperature will increase gradually to reach 50°C and the heater will be off again. The figure shows this phenomenon repeats 4 times in every experiment. This fact reveals that there is a temperature swing in the evaporator during experiments due to control mechanism of the electric heater. Temperature history of the seawater from numerical simulation is also shown in the figure. It can be seen that in the beginning the temperature increase significantly until reach the maximum value of 50°C. After this, the temperature will be constant in the rest of the experiment. The comparison of temperature history from the experimental results and the numerical one shows some small discrepancies. It can be said that numerical and experimental results agree well. Temperature history from the other experiments also shows the same trend, but not shown in here.
The fresh water produced is collected in a container and measured at the end of experiment. The fresh water resulted from three days of experiments are shown in Table 1 . In the table the maximum, minimum, and averaged temperatures for every experiment are also shown. The fresh water produced is also calculated numerically and the results are also shown in the table. The table suggests that experimental and numerical results show small discrepancies. The difference varies from 8.16% to 10.26%. It can be said that numerical and experimental results agree well. "In addition, Al-Kharabsheh and Goswani [14, 15] reposted that their proposed system can reach 6.5 kg/day.m 2 evaporator area. Gude et al. [16] reported their natural vacuum solar desalination system can produced 6.5-7 kg of fresh water by using 1 m 2 evaporator and 1 m 2 solar collector areas. In the present work the averaged productivity of the system in every 1 m 2 evaporator area is 6.6 kg/day.m 2 . These results are comparable to those previous researchers". Based on the above facts, present numerical method can be used to perform the case study.
Characteristics of the system
In order to explore the characteristics of the desalination system, temperature, heat flow, evaporation rate, and thermal efficiency will be discussed. A case with the heater fixed at temperature of 50°C is simulated. The measured ambient temperature is employed as ambient conditions to calculate temperature of the condenser and the heat loss from the evaporator. The simulation starts at 8.00 and finishes 17.00 of local time. The seawater temperature, condenser temperature, and evaporation rate are shown in Fig. 4 . The figure shows that temperature of the condenser increases as time increases until about 14.00. After this, the temperature decreases as time increases. This suggests that condenser temperature strongly affected by ambient temperature. In other words, ambient and condenser temperatures show the same trend.
The figure also shows that in the beginning, the seawater temperature increases significantly to reach its maximum value and finally constant at 48°C. This is known as temperature equilibrium. As a note, in this simulation temperature of the heater is fixed at 50°C. The maximum seawater temperature is lower than 50°C. This temperature difference is a driving force of the heat transfer from heating coil and the seawater. In the figure, the evaporation rate is shown by black line with circle marks. The figure shows that, the evaporation rate increase significantly in the beginning. This is because the seawater temperature increases significantly. At the same time, the condenser temperature is still low. These two factors make the evaporation rate increases significantly. After reaching its maximum value, the evaporation rate decreases gradually until reaching a minimum value at 14.00. This is because the condenser temperature increases gradually and at that time temperature of the evaporator already constant. After reaching its minimum value, the evaporation rate will increase gradually as time increases. This is due to decreasing condenser temperature while seawater temperature in evaporator is constant already. These facts reveal that evaporation rate affected by seawater temperature in evaporator and condenser temperature. The higher evaporator temperature is the higher evaporation rate. The lower condenser temperature is the higher evaporation rate. The history of heat injected to the seawater, heat flux from the seawater to the evaporator material (named as heat out), and thermal efficiency are shown in Fig. 5 . The heat out includes heat capacity of the evaporator material and heat loss to the ambient. The figure shows that heat injected to the system and heat out show the same trend. In the beginning, they decrease significantly as time increases. After reaching the seawater temperature equilibrium, they decrease gradually as time increase. After 14.00, both the heat injected and the heat out increase gradually. This is due to decreasing ambient temperature. In the figure thermal efficiency of the system is shown by blue line. The thermal efficiency can be viewed as ratio of useful energy to energy input to the system. The figure shows that, during simulation thermal efficiency of the system increases as time increases. In the beginning it increases significantly due to increasing evaporation rate. For the rest, the efficiency increase very slow. The increasing value of thermal efficiency is caused by increasing value of evaporation rate. This figure clearly shows that in the beginning thermal efficiency is relatively lower. But after reaching the steady state condition it is relatively constant at a higher value. This because in the beginning the heat injected is mainly used to heat the evaporator material and the seawater in the evaporator. Fig. 6 shows the heat loss from the evaporator wall to the ambient. The heat loss is divided into heat loss from the bottom, heat loss from the side wall, and heat loss from the conical top of the evaporator. Here is mentioned again, the heat loss include in the heat out from the system. The comparison of heat out from the system (shown by black circle marked in Fig. 5 ) and total heat loss shown in Fig. 6 reveals that, the amount of energy to heat the evaporator material is very significant, in particular, in the beginning. After reaching the equilibrium temperature, the heat out almost similar with the heat loss. The comparison of heat loss from the bottom, side, and top wall reveals that the heat loss from the side wall is bigger than bottom and the top wall. The lowest heat loss is from the top of the evaporator. This is mainly because the water vapor in the top part of the evaporator is very rare or close to vacuum. The heat loss in the beginning increases significantly. This is because the temperature increases significantly while the ambient temperature is still lower. After reaching the equilibrium temperature, the heat loss decreases slowly until 14.00. Again after Fig. 4 . Temperatures of the system and evaporation rate with heater fixed at 50°C. this, the heat loss increases again but slowly. This is because ambient temperature decreases slowly. It can be said that the main heat loss from the system is from the side wall and followed by the bottom wall.
Effects of the heat source temperature
A case study is performed in order to explore effects of several parameters to the performance of the system. There are two performance parameters will be used in this case study. The first parameter is the total volume of fresh water produced by the system. The more fresh water produced is the better performance. The second one is thermal efficiency. This parameter shows how efficient the energy input used to produce fresh water. The higher thermal efficiency is the better performance. As mentioned above, the present system is designed to be heated by a solar collector. Working temperature of a solar collector is very important. Thus the effect of the heater temperature should be explored. Thus performance of the system at different heater temperature is simulated. In the simulation, ambient temperature from the measurement will be imposed as boundary conditions. Temperature of the heater will be varied from 40°C to 80°C. The simulation will be started at 8.00 and finished at 17.00 of local time. Thermal efficiency and fresh water produced are shown in Fig. 7 . The figure shows clearly that heating coil temperature strongly affects the performance of the system. The higher heating coil temperature can produce more fresh water with a higher thermal efficiency. However the rate of efficiency and fresh water improvement decreases as heating coil temperature increases. For instance, if heating coil temperature increases from 50°C to 55°C, the fresh water produced and thermal efficiency increase from 1.182 to 1.789 L and from 52.09% to 56.87%, respectively. This suggests that improvement of fresh water and thermal efficiency is 51% and 9.17%, respectively. And if heating coil temperature increases from 55°C to 60°C, the fresh water produced and thermal efficiency increase from 1.789 to 2.503 L and from 56.87% to 60.49%, respectively. This suggests that improvement of fresh water and thermal efficiency is 39.9% and 6.36%, respectively. These values reveal that the improvement decreases as heater temperature increases. In this simulation the maximum thermal efficiency and fresh water produced can be reach is 70.44% and 6.63 L, respectively. These facts reveal that the maximum temperature in the evaporator plays an important role of the system performance.
Effects of the condenser temperature
A simulation has been performed in order to explore effects of the condenser temperature to the performance of the system. In the simulation heating coil temperature is fixed at 50°C and temperature of the condenser is also fixed at constant temperature. In Fig. 6 . History of the heat loss from the system with heater fixed at 50°C. Fig. 7 . Effects of the heating coil temperature to the performance.
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Case Studies in Thermal Engineering 8 (2016) [346] [347] [348] [349] [350] [351] [352] [353] [354] [355] [356] [357] [358] other words, the measured ambient temperature is not used this simulation. The effect of the condenser temperature to the performance of the system is shown in Fig. 8 . The figure shows that the lower condenser temperature results in the higher performance. For instance, thermal efficiency and fresh water produced at condenser temperature of 40°C is 51.79% and 1.831 L, respectively. If the condenser temperature increases to 45°C, thermal efficiency and fresh water produced will be 42.08% and 1.281 L, respectively. In other words, the thermal efficiency and fresh water produced will be decreased in order of 18.7% and 30%, respectively. This fact suggests that condenser temperature strongly affects the performance of the system. The lower condenser temperature is the better. However, in the field there is strict limitation of the condenser temperature. It is strongly affected by ambient temperature. In order to get a better performance of the system the condenser must be designed to make condensing temperature close to ambient temperature.
Effects of the heater surface area
The effect of the surface area of the heating coil is also simulated. As a note in the present work, the heating coil is made of cylindrical heater with diameter of 1 cm and the total length is 3 m. In order to simulate the effects of heater surface area, the length of the heating coil will be varied from 2 m to 6 m, while the temperature of the surface is fixed at 50°C. The ambient temperature from the measurement will be imposed as boundary conditions. The effects of the heater surface area are shown in Fig. 9 . In the figure, instead of using surface area, the length of the heating coil is used. The figure shows that thermal efficiency and fresh water produced increase as surface area of the heating coil increases. However, the rate of improvement is very low. As an example, if the heating coil is doubled from 3 m to 6 m, the thermal efficiency will be increased from 60.49% to 61.68%. At the same improvement, the fresh water produced will be increased from 2.503 to 2.786 L. These values suggest that the improvement of thermal efficiency and fresh water produced is 1.9% and 11.3%, respectively. Thus, even though there is an improvement, however, the effect is very low or not significant. In other words, the effect of the surface area of the heater is not very significant.
Effects of the heat exchanger
In the literature, it is common to find the natural vacuum desalination system is coupled with a heat exchanger [14, 15] . The heat exchanger is installed before the seawater injected to the evaporator. The main objective of installing the heat exchanger is to recover Fig. 8 . Effect of condenser temperature to the performance with heater fixed at 50°C. Fig. 9 . Effect of heating coil surface area with heater fixed at 50°C.
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Case Studies in Thermal Engineering 8 (2016) [346] [347] [348] [349] [350] [351] [352] [353] [354] [355] [356] [357] [358] the heat from the drawn brine water. The drawn brine water has a relatively high temperature same as seawater in the evaporator. Here, effect of the heat exchanger in the system will be explored. Two simulations to the system will be carried out. The first simulation is the system with a heat exchanger. The second simulation is without the heat exchanger. In the both simulation, the length of the heating coil is fixed constant at 3 m and temperature of ambient is used to calculate the condenser temperature. Here, heating coil temperature varies from 40°C to 80°C. The performances of the system with and without heat exchanger are shown in Fig. 10 . The figure clearly shows that there is no effect of installing heat exchanger on the fresh water produced. In other word, the productivity of the system is not affected by the heat exchanger. The thermal efficiency of the system with heat exchanger is slightly higher than without heat exchanger. At heating coil temperature of 40°C and at of 80°C, the difference of thermal efficiency is 2.8% and 0.6%, respectively. The higher heating coil temperature the effect is lower. The averaged difference is only 1%. This value reveals that there is no significant improvement of thermal efficiency by installing heat exchanger. This fact suggests that there is no effect of installing heat exchanger to the performance of the system.
Conclusions
In the present work experiments and numerical simulations of natural vacuum desalination system have been carried out. Three days of experiments have been carried out. In order to simulate the heat source an electric heater with an output power of 1500 W is used. Temperature of the evaporator was fixed at 50°C and the saline water was drawn from the system at 1/3 l per hour. In the experiments, governing equations are solved numerically by developing FORTRAN code program. The results of experiment and numerical simulation agree well. Thus the numerical method is used to perform case study in order to explore the operational characteristics and the main parameter that affects the performance of the system. The main conclusions are as follows.
• The performance of the system, in term of thermal efficiency and fresh water produced, strongly affected by heating coil temperature. The higher heating coil temperature results in the higher thermal efficiency and high fresh water produced. Thus it can be said that maximum temperature in the evaporator is the main criteria for the performance of the system.
• The condenser temperature strongly affects the performance of the system. The lower condenser temperature results in the higher thermal efficiency and higher fresh water produced. However, this is strongly affected by ambient temperature.
• The surface area of the heating coil shows a small effect to the system performance. Even though the surface area of the heating coil is doubled the improvement of thermal efficiency and fresh water produced is only 1.9% and 11.3%, respectively.
• Installing a heat exchanger to recover the heat does not affect the fresh water produced by the system. However it only improves thermal efficiency slightly. The improvement is only 1% in averaged.
